A theoretical analysis of the recent femtosecond photoassociation spectroscopy ͑FPAS͒ experiment on mercury ͓U. Marvet and M. Dantus, Chem. Phys. Lett. 245, 393 ͑1995͔͒ is presented. It is shown that when a thermal distribution of diatom collision pairs is excited from a free to a bound electronic state on a time scale shorter than molecular vibration, an ensemble of coherent wave packets is produced. The dynamics of these wave packets created by the photoassociation pulse can be observed by firing a second probe pulse at variable time delays, and the depletion of the first excited bound state by the probe pulse is detected via fluorescence of the remaining population. Simulations of the FPAS experiment, using both wave packet propagation techniques and perturbation theory, clearly show the vibrational dynamics of the photoassociated transients. It is also demonstrated how the FPAS technique may be used as a tool for controlling the energy, impact parameter, and orientation in bimolecular reactions.
I. INTRODUCTION
The photoassociation process consists of a free-to-bound optical transition which causes bond formation between colliding reactants and can be considered as the reverse of unimolecular photodissociation. [1] [2] [3] [4] [5] Photoassociation has been employed to study the long range molecular states near the dissociation limit of diatomic ground state potentials between optically cooled atoms. [6] [7] [8] [9] These studies provide information on the long range form of the internuclear ground state potential. As an alternative to emission spectroscopy, photoassociation spectroscopy has also been used to study the lowest excited state potential of diatomics whose ground electronic states are dissociative as in the case of KrF 10, 11 and XeCl, 12 and metal excimers. [13] [14] [15] To date, most photoassociation studies like the ones cited above have been based on frequency resolved spectra. Recently, however, time resolved femtosecond photoassociation spectroscopy ͑FPAS͒ has been performed on mercury by Marvet and Dantus. 16 In this experiment, randomly distributed mercury atoms in thermal equilibrium were optically excited from the ͑nearly͒ purely repulsive XO g ϩ ground state to the bound D1 u excited state via a 60 fs pump ͑or bind͒ pulse of wavelength 312 nm. The prepared wave packet on the D1 u potential was then subsequently probed with a 624 nm pulse of similar duration. Their experiment showed the bond formation to occur within the duration of the femtosecond bind pulse. Rotational coherence was detected by monitoring the rotational anisotropy of the FPAS transients as a function of bind-probe time delay, vibrational coherence of the photoassociated transients was not conclusively observed. In this work we develop a theoretical framework to simulate time resolved photoassociation experiments in order to address the issue of vibrational coherence and to evaluate their potential for control of bimolecular reactions.
Wing absorption and emission spectroscopy have long been recognized as direct probes of the ultrafast dynamics of atomic collisions, 17, 18 and those of dissociation ''half collision'' processes. 19 The technique of femtosecond transition state spectroscopy ͑FTS͒ in fact utilizes this principle to probe the transition state dynamics of chemical reactions directly. 20 Glownia et al. have obtained femtosecond time resolved absorption spectra of dissociating thallium iodide 21 and Bi 2 molecules 22 and have shown that the wing absorption extends hundreds of wavenumbers when the atoms are still in close proximity. The aforementioned photoassociation experiments by Marvet and Dantus 16 take advantage of the wing absorption due to the steady state population of collision pairs present in gaseous mixtures to induce bimolecular chemical reactions with a given orientation, alignment, and energy.
Time resolved studies of bimolecular reactions have been mainly carried out starting from van der Waals precursors which maintain a restricted alignment and upon photoinitiation release one of the reactants at a specific initiation time. [23] [24] [25] In a different approach, excitation of iodine molecules in the presence of xenon has been used to control the yield of XeI. 26 The FPAS experiments on mercury were achieved with a binding laser that was 7370 cm Ϫ1 away from resonance of the free fragments, 16 ensuring that only those fragments undergoing a collision are excited. The probe interrogates the photoassociated molecules, thereby revealing the time resolved dynamics following bond formation.
There have been some theoretical studies on the subject of photoassociation with ultrafast pulses. Krause, Shapiro, and Brumer proposed the use of picosecond lasers to coherently control the collinear reaction of monoenergetic HϩH 2 . 27 More recently, transition probabilities to excited bound electronic states from the dissociative ground state of several Rydberg molecules were examined. 28, 29 These calculations were performed under the ''frozen nuclei'' approximation, 28 meaning that the internuclear distance between atom pairs was assumed to be fixed over the photoassociation pulse duration. To check this approximation, the authors also performed a full multicurve wave packet calcu-lation on one of the systems, NeH. However, for this calculation, the initial wave packet was taken to be the ground vibrational eigenstate of the lowest excited bound electronic state of NeH ͑and therefore was implicitly assumed to be comprised of a coherent superposition of states͒.
Although formally the total transition probability from a dissociative electronic state to another ͑bound or dissociative͒ state should be calculated by performing the incoherent summation over the transition probabilities from all ͑Boltzmann-weighted͒ continuum eigenstates, 30 ,31 the justification for using the initial wave packet state was presumably the assumption that the NeH was a product of dissociation of a van der Waals precursor, as discussed above.
In another study, Jiang and Hutchinson studied the freebound radiative excitation in the transition state region of the reaction KϩNaCl→KClϩNa. 32 As in the previously mentioned studies, 28, 29 the initial state was taken as a coherent superposition of continuum states ͑i.e., a wave packet͒. The width of this wave packet which enters the transition state regime on the ground surface was arbitrarily chosen as a Gaussian with a particular width, and no averaging over relative velocities between the collision partners was performed.
More recently, two theoretical papers have been published which deal with time resolved photoassociation. 33, 34 In the first of these, photoassociation of ultracold sodium dimers was considered. Due to the sub-milli Kelvin temperature of the system, only a very narrow range of continuum vibrational states was assumed to be populated in the ground electronic state. The second work by Backhaus and Schmidt 34 simulates the same mercury FPAS experiment as this work and confirms the rotational and vibrational coherence taking into account the much broader distribution of continuum states populated at the relatively high temperature of the system ͑433 K͒.
In both of these time resolved ultrafast theoretical photoassociation studies it was predicted that vibrational transients of the photoassociated bound complex could be observed with a variable pump ͑or here bind͒ probe time delay. Although vibrational transients have been observed previously in femtosecond pump-probe studies, for example those of Zewail and co-workers at Caltech, 35, 36 it should be noted that in these systems the initial state was comprised of a finite number of bound eigenstates whose transition was followed by detectable vibrational motion on the ͑bound or dissociative͒ excited state surface. In contrast, the initial state in the photoassociation experiments is comprised of a thermal distribution of continuum states, and so the question which arises is whether or not transitions from this continuum of states would ''smear out'' vibrational coherent dynamics in the excited state bound potential of the photoassociated species. In the case of the ultracold sodium atoms, this was not an issue since only a narrow thermal range of continuum states was assumed to be populated, 33 but for the previous study 34 on mercury and this work where large temperatures and a broad distribution of incoherent states are assumed the question of generating a coherent wave packet becomes more relevant.
In this and the previous work on mercury photoassociation, 34 it is demonstrated that indeed a coherent wave packet is formed from an incoherent ensemble in the ground electronic state. Vibrational transients of the photoassociated product are simulated both using wave packet propagation and perturbative techniques. The wavelength of the bind laser determines the degree of localization of the wave packet which is primarily dictated by the Franck-Condon overlap between the free and bound states. Vibrational coherence, however, can only be observed if the wave packet motion is slower than the duration of the laser pulse. This can be achieved for most molecular systems given the recent advances in femtosecond laser technology.
In addition to providing a new tool for the time resolved study of bimolecular chemical reactions, we also demonstrate how the FPAS method can be used to control the energy, orientation, and impact parameter of these processes. We present calculations which show that one may control the impact parameter of the colliding pairs which are photoassociated by varying the laser bind wavelength. Control of the impact parameter will allow for control of the photoassociated product angular momentum especially for reactants with narrow kinetic energy distributions.
This paper is organized as follows. In Sec. II we outline the basic theory behind the simulations of the mercury FPAS experiments. Both nonperturbative ͑wave packet propagation͒ and perturbative methods are used to compute the fluorescence from the D1 u state as a function of bind-probe time delay. In Sec. III a discussion of the physical significance of the computed FPAS signal is presented, and we consider the effect of multiple probe depletion states as a possible reason for not observing a clear ͑sinusoidal͒ vibrational transient signal in the FPAS experiments. Also discussed here is the approximation of including only zero impact parameter collisions of mercury atoms prior to photoassociation in our calculations. Section IV provides concluding remarks including how FPAS experiments may be relevant to laser-induced control of bimolecular reactions with regard to alignment, energy, and impact parameter.
II. THEORY
The relevant diatom mercury potentials V 1 (R), V 2 (R), and V 3 (R) corresponding to the XO g ϩ , D1 u , and 1 g states, respectively, are shown in Fig. 1 . All three curves are modeled as Morse potentials ͑see Table I for parameters͒. The bind and probe pulses are shown schematically on Fig. 1 as well. All mercury atom pairs photoassociated up to the D1 u state by the bind pulse are assumed to fluoresce back down to the ground state if no probe pulse is applied; the probe pulse depletes the D1 u state thereby decreasing the experimentally detectable fluorescence from this state.
As mentioned in Sec. I, two methods are used to simulate the HgϩHg FPAS experiment. The first to be described is based on standard numerical wave packet propagation techniques in which the effect of the ͑more intense͒ probe pulse on the excited state transient is treated nonperturbatively. The initial continuum eigenstates are taken as standard WKB wavefunctions:
where R C is the classical turning point on V 1 (R) at energy
is the reduced mass of the mercury dimer, and N is the normalization constant. The wave packet created on V 2 (R) by the bind pulse is computed using first-order perturbation theory:
where H 2 ϭTϩV 2 (R) is the Born-Oppenheimer Hamiltonian of the D1 u state, 21 (R) is the electronic transition dipole moment between the XO g ϩ and D1 u states, and E is the energy of the continuum eigenstate ͉ E (R)͘. The fast Fourier transform ͑FFT͒ split-operator method 39 was used to evaluate the propagator in Eq. ͑2͒.
The bind pulse form is taken as a Gaussian:
where A bind ϭ0.001 a.u. ͑corresponding to a peak intensity of Ϸ10 10 W/cm 2 ), ␣ϭ0.000 671 7 a.u. ͓corresponding to an intensity full width at half maximum ͑FWHM͒ of 42 fs͔, and bind ϭ0.1460 a.u. ͑corresponding to a bind pulse wavelength of 312 nm͒. At the end of the bind pulse propagation (ϭ2t bind ), the probe pulse is fired at various time delays. Its form is also Gaussian,
only here the field is more intense, A probe ϭ10A bind , and the photon energy halved, probe ϭ0.5 bind . The minimum bindprobe time delay, defined as t probe Ϫt bind , is 2t bind since the computations are simplified greatly if the bind and probe pulses are assumed not to overlap. The interaction of the probe pulse on the wave packet which has been excited up to V 2 (R),͉ 2 (R,)͘, is described by the coupled time-dependent Schrodinger equation ͑TDSE͒:
͑5͒
To compute the FPAS vibrational transient signal, we recall that without the probe pulse all photoassociated molecules in the D1 u state created by the bind pulse eventually fluoresce back down to the ground state. Thus the probe pulse, which causes a depletion of population in the D1 u state by transferring it to the 1 g state, causes a proportional decrease in the fluorescence which may be expressed as
where P 2 ϭ͗ 2 (R,)͉ 2 (R,)͘, i.e., the population on V 2 (R) before the probe pulse is applied, and P 3 is the population on V 3 (R) after the probe pulse. If L Boltzmann-weighted continuum states are included in the calculation, then
where ͉ 2 (l) (R,)͘ is computed from Eq. ͑2͒ assuming the initial continuum eigenstate ͉ E l ͘. Likewise, the population on V 3 (R) after the probe pulse is 
Note that the excitation process is coherent with respect to each continuum state ͓see Eq. ͑2͔͒, but the sum over the L initial continuum eigenstates is incoherent because of their thermal distribution ͓see Eqs. ͑7͒ and ͑8͔͒. The incoherent superposition of states behaves as a coherent ensemble provided that the time scale of excitation is shorter than the time scale of atomic motion in the excited state. In practice, a similar restriction applies to the observation of coherent wavepacket motion in bound to bound excitation. All states ͉ E l ͘ were chosen over a range of energy from 0 to 0.33 eV;
this range adequately covers the thermally accessible states at the temperature in the experiment (T ϭ 433 K).
Since the coupled TDSE in Eq. ͑5͒ must be solved for many different bind-probe time delays in order to obtain a reasonably resolved signal from which we can elucidate the vibrational dynamics on V 2 (R), this quantum-mechanically more rigorous method is computationally expensive. An alternative, approximate but computationally less demanding method which relies totally on time-dependent perturbation theory is described below.
Let ͉ E ͘ be a continuum eigenstate of V 1 (R) as before, and let ͉ 2 (m) ͘ and ͉ 3 (n) ͘ be the mth and nth bound eigenstates of V 2 (R) and V 3 (R), respectively. Ignoring the higher continuum vibrational states of V 2 (R), the wavefunction at any time t on V 2 (R) can simply be expressed as
͑9͒
The population on V 2 (R) after the bind pulse at time t ϭ is therefore
where the summation m is over all bound states of V 2 (R) and mE ϭ(E m ϪE)/ប. Although the energy levels above Eϭ0 on the ground state are continuous, in actual computations we perform a summation over discretized energies as shown in Eq. ͑10͒. ͑Convergence with respect to the range of E, i.e., the maximum energy value in the summation over the Boltzmann-weighted continuum states, was checked.͒ The exp(ϪE/k B T) factor represents the Boltzmann weighting of the initial continuum states, and the exp͓Ϫ( mE Ϫ bind ) 2 /4␣ 2 ] term results from integrating the product of the binding pulse and exp(Ϫi mE t) over time in accordance with first-order perturbation theory. The above first-order perturbation formula is derived assuming the rotating wave approximation ͑RWA͒ ͑a good approximation since the energy difference between the XO g ϩ and D1 u states is resonant with the bind pulse photon energy͒ and the Condon approximation where the electronic transition dipole moment is assumed to be independent of R, i.e., 21 (R)Ϸ 21 , a constant, taken here as 0.27 D. 40 The only major difficulty in evaluating Eq. ͑10͒ is computing the Franck-Condon factors between the continuum states of V 1 (R) and the bound states of V 2 (R) which here are evaluated using semiclassical methods as outlined by Child:
where (R x ) is the velocity at the crossing point R x of the two potentials when they are shifted such that EϭE m , a 1 (E) is the classical turning point on V 1 (R) at energy E, a 2 (E m ) is the classical turning point on V 2 (R) at energy
ϭͱ2m(E m ϪV 2 (RЈ))/ប, and V 1 Ј(R x ) and V 2 Ј(R x ) are the slopes of the potential curves at the crossing point. Equation ͑10͒ provides the photoassociated population on V 2 (R) from a thermal distribution of continuum states of V 1 (R) via the bind pulse. Now we also require the population which is excited from V 2 (R) to the depletion state V 3 (R) via the subsequent probe pulse at different bind-probe time delays. If the wavefunction on V 3 (R) is expressed as a superposition of its bound eigenstates
then the total population on V 3 (R) is
For t ӷ t probe , i.e., when the probe pulse is over, the eigenstate populations are, using second-order perturbation theory,
Here we have defined
S 2 ͑ n,m,E ͒ϭexp͑ i nm t probe ͒exp͑ i mE t bind ͒d
Again, as in Eq. ͑10͒, the Franck-Condon factors between the continuum and bound states were evaluated semiclassically. The bound-bound Franck-Condon factors,
(m) ͘, were evaluated numerically by first computing the bound eigenstates of V 2 (R) and V 3 (R) using the Fourier grid Hamiltonian ͑FGH͒ method. 42 It is worth noting that only the second term on the right hand side of Eq. ͑14͒ contains the relative timing of the bind and probe pulses; this is the ''interference'' term which gives rise to the variation of the D1 u state population ͑and therefore the fluorescence͒ with respect to the bind-probe delay.
The above formulation, besides being similar to the previously mentioned works on time resolved photoassociation, [32] [33] [34] is also similar to that used by Krause et al. in their analysis of the femtosecond photodissociation transients of cyanogen iodide ͑ICN͒. 43 As in that work, we also employed time dependent perturbation theory to compute the radiative bind and probe transition probabilities and semiclassical approximations to evaluate the bound-continuum Franck-Condon factors. The major difference between the work of Krause et al. 43 and the ultrafast photoassociation works is that in these a thermal initial distribution of continuum states must be accounted for, whereas in the photodissociation work the initial state was a single bound eigenstate of the ICN potential well.
Before presenting results, some distinctions between the above formulation for modeling time resolved photoassociation and previous works should be made. First, the system in the work of Machholm et al. 33 was assumed to consist of ultracold ͑sub-mK range͒ sodium atoms, and so the range of significantly populated continuum states of the Na-Na ground electronic state was assumed to be very narrow. Thus, in that work, numerical integration over the FranckCondon factors between the ground continuum and each vibrational state in the upper bound curve was unnecessarythe narrow range of populated continuum states justified setting all Franck-Condon factors to a constant. In our case, as in the other recent work on mercury, 34 a large thermal distribution of significantly populated continuum states must be assumed since the temperature is relatively large, and thus the Franck-Condon factors cannot be assumed to be a constant over the whole continuum range. In this work, these were evaluated semiclassically as described above; using the WKB method cuts down on the numerical effort involved in computing the Franck-Condon factors.
III. RESULTS
The simulated laser-induced fluorescence ͑LIF͒ signal from FPAS vibrational transients on the D1 u state of mercury are shown in Fig. 2 as a function of bind-probe time delay. Results from both wave packet simulation ͑dashed line͒ and perturbative method ͑solid line͒ are shown. ͑For this figure a lower probe field intensity of 3.5ϫ10 12 W/cm 2 is assumed.͒ Generally, the structure and oscillatory pattern of the fluorescence signal from both methods is the same; the only major difference appears to be an overall scaling factor. Note the double humped structure in both cases-this is due to the fact that probing does not occur exactly at a turning point in the D1 u state, therefore the wave packet which oscillates back and forth is probed twice per oscillation. This probing effect has been documented in previous femtosecond studies. 44 The difference between the two methods might be due to the semiclassical evaluation of the continuum-bound Franck-Condon factors in the perturbative approach. Note the oscillation period of 0.3 ps. The bind-pulse energy is resonant with the energy difference between the XO g ϩ and D1 u states at R res ϭ2.82 Å, i.e., V 2 (R res )ϪV 1 (R res ) ϭប pump . The energy level corresponding to this position ͑i.e., the turning point͒ on V 2 (R) is ϭ12 for which the vibrational period is 0.29 ps, so the oscillation period we observe for the transient dynamics seems reasonable, particularly if the photoassociation process is viewed as a quasiFranck-Condon transition.
The experimental data does not show the modulation depth and regularity of vibrational features that our theory predicts. One possible explanation for the difference in signal modulation depth on the vibrational time scale between theory and experiment could be that the present calculations are taking into account only one possible probe depletion state, the 1 g state. As discussed in Sec. I, there may be multiple states which are energetically nearby the 1 g state and are accessible to probing from the D1 u state.
To assess this possibility, we performed perturbative calculations of the vibrational transients from the mercury FPAS experiment employing Morse potentials with identical parameters except for the equilibrium distance: 2.65, 3.15, and 3.65 Å. Figure 3 displays the average of these three signals. Note the apparent lack of a vibrational signaturethe presence of other states near the 1 g state in Hg 2 is quite likely and may be responsible for the lack of ''sinusoidal'' vibrational signatures in the experimental data. A low amplitude irregular motion is more likely to be regarded as experimental noise. Analysis of the experimental transients in Ref. 16 once the rotational anisotropy has been removed reveals a high degree of correlation in their features. This correlation is not found in the same data for negative times or when one transient is displaced in time with respect to the other by a 40 or 80 fs step. While it is tempting to perform a more complete analysis and simulation of these data we remain cautious and are working on obtaining data with a higher signalto-noise ratio.
In these calculations we have assumed that all HgϩHg collisional pairs which are photoassociated are zero impact parameter ͑head-on͒ collisions. Nonzero impact parameters translate into nonzero angular momenta of the mercury atom pairs and have the effect of raising all the interatomic potential curves by the same amount of centrifugal energy, J(J ϩ1)ប 2 /(2mR 2 ). Thus the point of resonance, i.e., the point where V 2 (R)ϪV 1 (R)ϭប bind , is independent of the impact parameter. However, the individual curve shapes do change due to the centrifugal term, thereby affecting the radiative transition probabilities. Given the large reduced mass of mercury, there is little distortion in the potential curves. Therefore, in terms of the computed vibrational transient signal, inclusion of nonzero impact parameter collisions in the computations, as done by Backhaus and Schmidt, 34 does not alter the results significantly ͑although it greatly increases the computational effort͒. The effects of collisions with impact parameters larger than zero on the angular momentum of the products, however, are significant vide infra.
IV. DISCUSSION AND IMPLICATIONS FOR CONTROL OF BIMOLECULAR REACTIONS
We have demonstrated here that it is possible ͑at least in principle͒ to observe coherent vibrational transients in bound←free FPAS experiments, even at high temperatures (Ͼ400 K). Both wave packet propagation and perturbative methods were used to compute the fluorescence from the FPAS vibrational transients. Both methods gave similar results, but the perturbative method requires nearly two orders of magnitude less computational time, and it therefore may be a more promising method for simulating FPAS experiments in multidimensional systems.
While the decay of rotational anisotropy in the FPAS experiment 16 clearly indicated that femtosecond photoassociation had occurred, vibrational transients were not conclusively observed. As demonstrated in the previous section, other probe depletion states may be responsible for the irregular and low amplitude vibrational signal. An alternative detection method which provides a background-free signal from a single upper electronic state might be helpful in this regard and is currently being considered.
Finally, as mentioned in Sec. I, the FPAS method may be used as a tool in the control of bimolecular reactions. Ultrafast laser control of bimolecular was first considered by Krause et al. 27 In that work, the reactions of HϩH 2 and DϩH 2 were controlled by a two pulse experiment. Their calculations considered collinear collisions ͑zero impact parameter͒ with a very narrow range of translational energies ͑a monoenergetic molecular beam would be required͒.
Using the FPAS method we show that orientation and impact parameters may in general be controlled to some extent in bimolecular reactions. Specifically, alignment is controlled in FPAS by the polarization of the binding laser since only collision pairs with a transition dipole oriented along the electric field vector of the laser are photoassociated. FPAS also allows for some degree of control over the collision energy by selecting out and photoassociating only those pairs of atoms which are within a certain energy range. To see this, consider a head-on collision between two mercury atoms. As mentioned in the previous section, a radiative transition will most likely occur at R res ϭ2.82 Å. Roughly speaking, for collisions energies E rel less than V 1 (R res ) ϭ 0.093 eV, the diatom pairs cannot photoassociate because they do not possess sufficient translational energy to reach the resonance point. Thus low energy collision pairs are excluded from the photoassociation process.
As for the control of the impact parameter of the photoassociating pairs of atoms, we first note that when considering nonzero impact parameters (JϾ0), the relative collision energy for photoassociation must satisfy the condition
in order for photoassociation to occur. Therefore, collisions with large impact parameters ͑corresponding large J͒ are also excluded from photoassociation since large impact parameter collisions will have to possess very high collisional energies. With a tunable binding laser it is possible to control the impact parameter by varying the binding laser wavelength, bind . The degree of control that one may exert over the impact parameter of the collision atom pairs which are photoassociated can be demonstrated as follows. First, we assume that the binding laser is resonant with the energy difference between the D1 u and XO g ϩ states at some distance RЈϭR res , i.e., V 2 (RЈ)ϪV 1 (RЈ)ϭប bind . Second, the slope V 2 (RЈ)ϪV 1 (RЈ)/⌬R near RЈ is large compared to the bandwidth of the excitation pulse such that even for femtosecond pulses the excitation may be considered to be localized. In our specific case, the slope V 2 (RЈ)ϪV 1 (RЈ)/⌬R calculated at RЈ is Ϸ11 000 cm Ϫ1 /Å and the bandwidth is Ϸ350 cm Ϫ1 for our 42 fs bind pulse width. Third, the major contribution to the Franck-Condon overlap between the ground state continua and the excited bound state come from a narrow region about RЈ, the resonance distance. Therefore only those pairs of atoms near RЈ are photoexcited ͑a strict resonance condition͒.
Armed with these assumptions, we see that for a given collision energy E, the impact parameter b must satisfy the condition
in order for photoassociation to take place. Conversely, for a collision pair with a given impact parameter b, the collision energy must satisfy the condition
Assuming the above conditions for a ''successful'' collision, i.e., one in which the two atoms can come within a distance of RЈ or less, we may derive an expression for the total photoassociation cross-section:
where N is the normalization constant 1/(k B T) or, reversing the order of integration,
Note that the upper limit in the integral in Eq. ͑20͒ is RЈ; collisions between atoms with impact parameters greater than RЈ obviously cannot approach distances shorter than RЈ, therefore, they cannot be photoassociated. However, if the upper limit of this integral is set at some other value, say bЈ, where 0ϽbЈϽRЈ, then we have defined a ''restricted'' cross-section which accounts for collision impact parameters from zero to bЈ only:
͑21͒
The quantity restricted / total is therefore the fraction of photoassociated molecules which are created from collision pairs with impact parameters in the limited range below bЈ.
Since restricted / total depends on RЈ, and since bind defines RЈ due to the requisite resonance condition, this ratio may be controlled by varying the bind laser wavelength. In Fig. 4 the cross-section ratio versus bind is plotted for restricted impact parameter (bЈ) values of 0.26, 0.53, 1.06, 1.59, and 2.12 Å. The range of binding wavelengths varies from 290 to 370 nm which samples the region from RЈ ϭ2.53 to 3.07 Å; this entire range is in the continuum region of the ground state potential, i.e., V 1 (RЈ)Ͼ0. As expected, the larger the restricted impact range ͑2.12 Å curve͒, the larger the cross-section ratio. However, note the significant amount of control over the impact parameter of photoassociated collision pairs shown in Fig. 4 . In particular, the ratio corresponding to the restricted impact parameter range 0ϽbϽ1.06 Å changes by nearly an order of magnitude over the range of binding wavelengths shown. Thus at ( bind ϭ 350 nm) 90% of the photoassociated molecules have impact parameters in the restricted range 0Ͻb Ͻ 1.06 Å, and at the other extreme ( bind ϭ290 nm) almost 90% of the photoassociated molecules are created from collision pairs with impact parameters greater than 1.06 Å.
Another way to graphically visualize the control over impact parameter with bind laser wavelength is shown in is plotted for bind wavelengths ranging from bind ϭ290 to 350 nm ͓the normalization, i.e., the total cross-section total is given in Eq. ͑20͔͒. Note that both the peak and width of the impact parameter distribution change significantly as a function of bind .
Controlling the impact parameter as described above opens up the possibility of controlling the angular momentum of the photoassociated products. If, as in a molecular beam apparatus, one was able to restrict the collision energies to a narrow monoenergetic range, then controlling the impact parameter b would also allow for control of the angular momentum since classically the angular momentum is equivalent to mb where ϭͱ2E/m. Furthermore, as shown in Fig. 5 , a narrow range of velocities would allow for control over the angular momentum distribution as well.
Finally, in terms of controlling bimolecular reactions, FPAS provides a time zero for chemical bond formation between a thermal gas of unbound atoms or molecules. Because of the short duration of the pulse, only those collision pairs near a specific internuclear distance (R res ) will be photoassociated. Thus energy, impact parameter, and orientation can be controlled to some extent in bimolecular reactions occurring in thermal samples of free reactants. Application of FPAS to more complicated systems involving collisions between molecules are underway in our laboratory. 
